CCD observations have been used to study sixteen of the previously known variables in the Oosterho type II globular cluster M9. The properties of the RR Lyrae variables in M9 are compared with those in the Oosterho type I cluster M3. Methods devised by Simon, Jurcsik and Kov acs have been used to derive physical parameters for the stars from Fourier analysis. The mean metal abundance so derived for M9, Fe/H]= ?1:77, is in good agreement with the metal abundance derived from spectroscopic observations. All methods for calculating the absolute magnitudes of RR Lyrae variables from Fourier coe cients indicate that the RR Lyrae variables in M9 are more luminous than those in M3. However, there are three RR Lyrae stars in M3 that may be as bright as the M9 stars. These three are thought to be in a more advanced evolutionary state than the other M3 RR Lyrae stars. Absolute magnitudes have also been derived for the RR Lyrae stars in M68 and M107. The di erent methods predict that RR Lyrae stars in metal poor clusters are more luminous than those in more metal rich clusters, but there are inconsistencies in the relative luminosities derived by the di erent methods.
Introduction
M9 (C1716-184) is an Oosterho type II (OoII) globular cluster with 17 RR Lyrae stars: 9 RRc stars with a mean period of 0 d .342 and 8 RRab stars with a mean period of 0 d .638 according to Clement & Shelton (1996, hereafter CS96) . Its metal abundance Fe/H] is ?1:78 on the Zinn (1985) scale which places it among the more metal rich of the OoII clusters. The color-magnitude diagram of M9 published by Janes & Heasley (1991) shows that most of its HB stars are blue. Generally, such clusters do not have many RR Lyrae variables, but since M9 has 17, it is an interesting cluster to study. A knowledge of the properties of the RR Lyrae stars in M9 may provide a better understanding of the Oosterho (1939 Oosterho ( , 1944 dichotomy. Since the work of Arp (1955) , it has been recognized that the OoII clusters are in general more metal poor than OoI clusters and it is widely accepted that the periods of the RR Lyrae stars in OoII clusters are longer because they are more luminous. This has led many investigators to determine a relationship between M V and Fe/H] for RR Lyrae variables. However, such a relationship can not apply in all cases because, in the Fe/H] range between ?1:6 to ?1:8, there are clusters of both groups according to the mean periods of their RRab stars (Sandage 1993) . Some other e ect, such as evolution from the zero age horizontal branch (ZAHB) must also play a role.
The aim of the present investigation is to derive V light curves for the M9 RR Lyrae stars and to compare them with the V light curves for RR Lyrae stars in other clusters, particularly M3, an OoI cluster with Fe/H]=?1:66 (Zinn 1985) . The data we use for M3 are taken from a recent study by Kaluzny et al. (1998, hereafter KHCR) . In the last few years, various investigations (Simon & Clement 1993a SC93] , Jurcsik & Kov acs 1996 JK] , , 1997 , Jurcsik 1998 J98] and Kov acs 1998 K98] ) have demonstrated that physical properties of RR Lyrae stars can be derived from the structure of their light curves. We will use these techniques to determine and compare the physical { 4 { properties of the RR Lyrae stars in M9 with M3 with two other well studied clusters, M68 and M107.
The Observational Data
Our investigation is based on 165 CCD frames obtained with the University of Toronto's 61 cm (f15) Helen Sawyer Hogg telescope at the Las Campanas Observatory of the Carnegie Institution of Washington on two nights in 1994 (May 6, 11) and ve in 1995 (April 27, 28, 29 and May 1, 2) . The CCD is a 512 512 pixel Ford Aerospace chip with a scale of 0:45 arcsec per pixel so that the eld of view of each frame is 233 233 arcseconds. All of the frames were obtained through a V lter and the exposure times ranged from 6 to 10 minutes, depending on the hour angle and the sky transparency. The telescope was set at a point near the cluster center in order to include as many RR Lyrae variables as possible in the eld. The eld of view which is shown in Figure 2 of our previous paper (CS96) contained 15 of the 17 known RR Lyrae variables.
The frames were cleaned using IRAF and the photometric reductions were carried out using stand-alone versions of Stetson's (1987 Stetson's ( , 1993 Stetson's ( , 1994 DAOPHOT-II, ALLSTAR-II and ALLFRAME code. Approximately 6000 stars were identi ed on each frame and their instrumental magnitudes were determined. One of the frames was selected as a reference and the magnitudes and positions of all of the stars on each of the other frames were related to the reference frame by Stetson's DAOMATCH and DAOMASTER programs. In order to convert the instrumental magnitudes (V inst ) to standard V magnitudes, we used the photometry of Janes & Heasley (1991) . They included in their study all stars for which there were at least two observations and for which V and B?V were less than 0:05. We matched their stars with the stars in our sample for which the standard deviation about the mean was less than 0:05. The magnitudes of these stars are plotted in Figure 1 
No signi cant color term was found. The V magnitudes of the variables are listed in Table  1 , along with the heliocentric Julian date at the mean time for each observation. Only the magnitudes for which the errors assessed by Stetson's programs were less than 0:035 are considered in our investigation.
3. The Data Analysis
Periods, Light Curves and Fourier Coe cients for the Variables
The periods for the variables were derived from those published in our previous studies (Clement, Ip & Robert 1984 CIR] and CS96). Since the published periods for the variables that were discovered by CS96 (V11 and V14 to V21) were based on observations made on four consecutive nights in 1991 and our new observations were made over an interval of about a year, the periods for these stars had to be revised. The elements of the variables are summarized in Table 2 , and light curves, arranged in order of increasing period, are plotted in Figure 2 . In order to determine the amplitudes and mean magnitudes, we tted the V magnitudes to a Fourier series of the form:
where ! is (2 /period). For each star, the epoch was taken as HJD 2440000:000 so that t in the equation refers to (HJD-2440000:000) and HJD represents the heliocentric Julian date of the observation. For V16, V18, V19 and V21, the order of the t was n = 4, but for all the other stars, it was n = 6. Table 2 lists, for each star, the variable type, the x,y position in arcsec relative to the cluster center (on the same system as Sawyer 1951), the { 6 { adopted period, the V amplitude, the standard deviation of the points about the mean light curve, and the mean V magnitude. The mean magnitude < V > is A 0 from the t of equation (2) to the points. The phase coverage for V11 was not complete, because reliable magnitudes could not be determined due to crowding problems. As a result, we could not determine its amplitude or mean magnitude. In fact, it proved di cult to obtain precise light curves for a number of the RRc stars as well because they are in the core of the cluster where the photometry is uncertain. According to Harris (1996) , the core radius of M9 is 35 arcsec The x,y co-ordinates listed in Table 2 indicate that ve of the eight RRc stars in our eld (variables 16 to 20) lie within the core radius. The classi cation for V21 is uncertain. It is considerably fainter than the RR Lyrae stars, as can be noted from Figure 2 , and its amplitude is low for an RR Lyrae star with a period of 0 d .36. CS96 concluded that it is not an RR Lyrae variable, or if it is, then not a cluster member.
Fourier parameters for the RR Lyrae stars were calculated in the manner of Simon & Teays (1982) from the ts of equation (2) to the data: R j1 = A j =A 1 ; j1 = j ? j 1 (j = 1; 2; 3; 4) (3)
The parameters for the RRc stars are listed in Table 3 and those for the RRab stars in Table 4 . Both tables list the number of observations, the Fourier amplitude A 1 , the amplitude ratios R 21 to R 41 , 1 and the phase di erences 21 to 41 . The errors listed for the amplitude ratios and phase di erences were calculated by Petersen's (1986) Table 3 have values of R 21 less than 0:30 and the ones in Table 4 all have values greater than 0:30. Similar di erences can be found for R 31 , R 41 , 21 , 31 and 41 .
Period-luminosity (P-L) and period-amplitude (P-A) relations for the RR Lyrae variables are plotted in Figure 3 . The RRc stars are plotted as triangles and the RRab stars as circles (open circles for the stars with D m greater than 3). It can be seen from both Figures 2 and 3 that V7 and V18 are fainter than the other RR Lyrae variables. CIR noted that there is an obscuring cloud to the southwest of the cluster and evidence for this can be see in Figure 1 of their paper. We conclude that this cloud has an e ect on the apparent magnitude of V7. However, it is harder to explain why V18, which is near the cluster center, is fainter than the other stars. In any case, because of this cloud, we can not assume that the mean apparent V magnitudes for the M9 RR Lyrae variables are directly correlated with their absolute magnitudes.
In the period-amplitude diagram, the RRab stars follow the usual sequence of decreasing amplitude with increasing period, but there appears to be no systematic di erence between the RRab stars with normal and peculiar light curves. This is in contrast to the results for M3 (KHCR), M68 and M107 (Clement & Shelton 1999) where most of the RRab stars for which D m is greater than 3 have amplitudes that are lower than those of other RRab stars with the same period. This is expected if the peculiarity is caused by the Blazkho e ect which is a modulation of the amplitude over an interval of time longer than the pulsation period. For \Blazkho" stars, the maximum amplitude ts the period amplitude relation of the regular RRab stars (Szeidl 1988) . The distribution of the RRc stars in the P-A diagram has a more interesting shape. Among the four stars with the longest periods (V18, V19, V5 and V16), there is a systematic decrease in V amplitude with increasing period, but for the stars with periods less than 0 d .33, the amplitude increases with period. This e ect is predicted by the pulsation models of Bono et al. (1997) . However, it has not been generally recognized in globular cluster P-A diagrams because it is di cult to determine accurate amplitudes for RRc stars. Now that these stars are being observed with CCD detectors, we can derive more precise P-A relationships.
3.2. Physical parameters derived from Fourier coe cients 3.2.1.
The RRc stars
Investigations made in the last few years have demonstrated that physical properties of RR Lyrae stars can be derived from Fourier coe cients. For instance, SC93 calculated mass, luminosity, temperature and relative helium abundance from the pulsation period and the Fourier phase parameter 31 by matching hydrodynamic pulsation models with observations of globular cluster RRc stars. From their models, they derived the following equations. log M = 0:52 log P ? 0:11 31 + 0:39 (4) log L = 1:04 log P ? 0:058 31 + 2:41 (5) log T e = 3:265 ? 0:3026 log P ? 0:1777 log M + 0:2402 log L (6) log Y = ?20:26 + 4:935 log T e ? 0:2638 log M + 0:3318 log L (7) where M is the mass in solar units, P is the pulsation period in days, L is the luminosity in terms of the Sun's luminosity, T e the e ective temperature and Y is a helium parameter, a quantity that indicates the relative helium abundance. He derived the formula from the light curves of 106 RRc stars (mainly stars in Sculptor and M68) and calibrated the zero point from the Baade-Wesselink luminosity scale of Clementini et al. (1995) . The K98 Fourier phases are based on a sine series, but the ones we list in Tables 3 and 4 are based on a cosine series as illustrated in equation (2). Therefore, to put our values for the phase di erences on the same system as K98, we subtracted 1:57 from 21 .
In Table 5 , we list the parameters calculated for the RRc stars in M9 from the above formulae. For the parameters derived from the equations of SC93, we make the calculation only for stars for which the estimated error in 31 is less than 0:2. Unfortunately, because of the e ects of crowding, this criterion is met by only two stars, V5 and V10. To calculate M V from log L=L , we assumed a value of M bol for the sun (Bishop 1997 ) and used the bolometric correction formulae of Sandage & Cacciari (1990) . To determine M V by K98's method (equation 8), we include the stars for which the error in 21 is less than 0:2 and because the amplitude A 2 is almost always larger than A 3 , there are more stars that meet this criterion. The M V values derived by the K98 method are all fainter than those from the SC93 method because K98 used the Baade-Wesselink zero point. However, if the SC93 and K98 methods for calculating M V are both valid, they should give the same ranking for the relative brightness of V5 and V10. The data in Table 5 show that this is not the case, but the di erence in M V derived by the two methods can be attributed to the uncertainties in both methods. The Fourier coe cients in the above four equations are based on a sine series. To put our coe cients from Table 4 on to the appropriate system, we added 3:14 to 31 and subtracted 4:71 from 41 . In Table 6 , we list Fe/H], M V and the e ective temperature computed from equations (9), (10) and (12) Costar & Smith (1988) . The M V values are comparable to the ones calculated for the RRc stars by K98's method. This is not unusual because both equation (8) and (10) were calibrated with the Baade-Wesselink luminosity scale. The temperatures listed in Table 6 for the RRab stars are almost 1000K lower than the ones listed in Table 5 for the RRc stars. One expects the RRab stars to be cooler, but not by such a large amount. However, the temperature scales have been calibrated by di erent methods. To calculate D m , we used the updated equations of KK and, as a result, seven of the M3 stars classi ed as peculiar by KHCR are now considered to have normal light curves. These are V11, V17, V23, V61, V62, V64 and V84. Five of these stars have amplitudes of light variation less than 0:75. We have superimposed the mean loci for our M9 data on the period-amplitude diagram and, as expected, the P-A relation for M9 which is an Oosterho type II cluster is shifted to longer periods. However, among the RRab stars in M3, there are three that lie close to the M9 P-A relation. These are V14, V65 and V104 which have amplitudes 0:86, 0:95 and 1:31 respectively. The solid circles plotted for these stars are enclosed in boxes. All three of these stars are brighter than the other RRab stars and because of this, KHCR suggested that they are in an advanced evolutionary state, whereas the others are on the ZAHB.
Physical parameters derived from Fourier coe cients 4.2.1.
The RRab stars
In Jurcsik (1995) adopted for M3 based on spectroscopic observations. However, the new data indicate that there is a correlation of Fe/H] with period, in the sense that stars with longer periods have higher metal abundance. We will discuss this further in section 5.
As previously noted by KHCR, the KJ96 method for computing M V for RRab stars predicts higher luminosities for the three M3 stars that are displaced to longer periods in the period-amplitude relation (V14, V65 and V104). The mean M V derived from equation (10) for V14, V65 and V104 is 0:72 compared with 0:80 for the other 21`regular' RRab stars. Furthermore, a comparison of the data in Table 7 with Table 6 indicates that these three stars are almost as bright as the M9 RRab stars. V6 in M9 and V104 in M3 both have M V = 0:72 and V2 and V7 in M9 have M V = 0:68 compared with 0:69 for V65 in M3. Some years ago, Sandage (1981) demonstrated that the RRab stars in M3 obey a period-luminosity-amplitude (P-L-A) relation and suggested that the absolute magnitude of any RRab star can be determined relative to those in M3 if its period and amplitude are known. If the KJ96 method (equation 10) is valid, we may be seeing here an illustration that such a P-L-A relation can be used to compare the RRab stars in M9 and M3.
4.2.2.
The K98 method for deriving M V for RRc stars was published after the study of M3 by KHCR and so we have applied it here to the RRc stars observed by KHCR. In Table  8 , we list the period, Fourier phase di erence 21 and its error, the Fourier amplitude A 4 , M V calculated from equation (8) and the mean V magnitude, along with log L calculated from equation (5). A plot of M V against mean V magnitude is shown in Figure 5 where { 13 { the distance between the envelope lines is the uncertainty of the K98 calibration. Five of the seven RRc stars lie between these lines, but the two short period stars V105 and V203 do not. The M V values we calculate for these two stars from equation (8) indicate that they should be fainter than the other ve, but they are actually brighter. KHCR noted that these two stars might be second overtone pulsators and this could be the reason that their absolute magnitudes can not de derived from equation (8). In Figure 6 , we plot M V calculated from equation (8) against log L=L from equation (5). Although there is not a strong correlation between M V and log L, all of the points lie within the envelope lines thus indicating that both equation (5) and (8) can be used to calculate the relative brightness of the long period RRc stars to within the estimated errors.
Comparison of M3 and M9 with M68 and M107
In Figures 7 and 8 , we plot the Fourier phase parameters 21 , 31 and 41 against period for the RR Lyrae variables in M3 and M9 along with two other well studied clusters: M68 and M107. The M68 data are from Walker (1994) and the M107 data from Clement & Shelton (1997) . In Figure 7 , only stars with errors less than 0:2 in the phase coe cients are plotted and in Figure 8 , only stars with D m less than 3 are plotted. The D m values we used for M68 are those listed by JK and the ones for M107 were computed with KK's equations. Only two stars in M68 (V23 and V35) and three in M107 (V14, V17 and V18) have D m less than 3. The points for the di erent clusters are represented by di erent symbols. One can see, particularly for the 31 and 41 plots, that the stars in the di erent clusters form separate sequences in the sense that, for a given pulsation period, a star in a cluster with a higher metallicity has a larger value of the phase parameter. This separation was rst noticed by Clement et al. (1992) in a plot of 31 against period for RRc stars, but here we see that the same e ect occurs for 41 and for the RRab stars as well. In Figure 8 , the three bright M3 RRab stars that lie above the other RRab stars in the period-amplitude plot of Figure 4 are plotted as open circles enclosed in boxes. Their phase parameters are less than those for other M3 stars with similar periods and as a result, they are closer to the M9 stars in the diagram. Lines of constant metal abundance derived from equation (9) Table 7 ) is that there seems to be a relationship between period and metal abundance for the RRab stars in M3. The longer period stars (with the exception of the three bright stars V14, V65 and V104) seem to be more metal rich than the stars with periods between 0 d .50 and 0 d .55. In fact, the Fe/H] values calculated from equation (9) for V62 and V64 in M3 are comparable to the values that Clement & Shelton (1997) calculated for V14 and V17 in M107. We can make an independent check of this result because S measurements have been published for some of these stars. Preston's (1959) S parameter is a measure of the di erence in spectral type between the hydrogen and calcium K line spectra. Values of S for RR Lyrae variables range typically from 0 to 10 and a larger value indicates a more metal poor star. Smith & Perkins (1982) and Smith & Manduca (1983) determined S for several RRab stars in M107, including V14 and V17 and obtained values ranging from 2:5 to 5. In the meantime, Butler (1975) found that S for V64 in M3 was approximately 7. Butler also made spectroscopic observations of three other RRab stars in M3 (V13, V22 and V27), but these observations do not con rm the existence of any correlation between period and metal abundance. In addition, he observed three RRab stars in M107 (V2, V8 and V18) and found them all to be more metal rich than V64 in M3. One explanation for this apparent correlation between period and metal abundance for the RRab star in M3 is that the coe cients of 31 and 41 in JK's equations are too low. If the lines of constant metal abundance in Figure 8 had steeper slopes, then the derived metallicities for the RRab stars in M3 would not be correlated with period. However, JK clearly demonstrated that equation (9) is valid for eld RR Lyrae variables. Another possibility is that Fe/H] can not be derived from Fourier coe cients. In their study of RRc stars, Simon & Clement (1993b) found that, although globular clusters were segregated according to metallicity in a plot of 31 against period, the phase parameter 31 for their hydrodynamic pulsation models depended essentially on mass and luminosity only and was insensitive to metallicity. The situation may be the same for RRab stars. Although the Fourier phase di erences for the stars segregate according to metallicity, it is because the luminosity is generally related to the metallicity.
In Table 9 , we list the mean M V values computed for the RRc and RRab stars in the four clusters M107, M3, M9 and M68 from the Fourier parameters. We also include the metal abundances listed in three di erent compilations (Zinn 1985 , Jurcsik 1995 and Carretta & Gratton 1997 . One sees that the various combinations of Fe/H] and M V lead to di erent values for the slope of the M V -Fe/H] relation. If one uses cluster RR Lyrae stars to derive or apply M V -Fe/H] relations, one has to be very cautious. Another interesting point to note in Table 9 is that the range in M V computed from the methods of K98 and KJ96 di er by so much even though they have the same zero point calibration. This can be explained, in part, by the fact that the mean V magnitudes of the RRc stars in the OoI clusters, M107 and M3, are brighter than those of the RRab stars, while in the OoII cluster M68, the RRab stars are brighter. Table 9 also demonstrates that the methods for calculating absolute magnitudes for RRc stars from Fourier phase di erences do not give consistent results. This has already been shown by K98. According to the SC93 method, the M3 stars are 0:1 mag brighter than the ones in M107, but the K98 method indicates they are only 0:03 mag brighter even though the same stars are used for each method. On the other hand, the two methods give the same ranking for M9 relative to M3 if only the two stars V5 and V10 in M9 are considered. The mean M V for V5 and V10 by the K98 { 16 { method is 0:63, 0:06 mag brighter than the mean value (0:69) for M3, while the equivalent gures for the SC93 method are 0:49 and 0:55. Clearly, there are many issues to be resolved in the applications of Fourier coe cients, but as CCD observations of RR Lyrae stars in other globular clusters become available, we will be able to make further progress.
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